The focus of this paper is the process of adjustment of farm performance to disequilibrium with new technology over time, which has been a subject of speculation till now. It shows that, left to learn from their own experience, farmers will be slow to realise the full technical potential of a new technology. Drawing on theories of intra-firm diffusion, the hypotheses tested in this paper using data from India are: (1) initial overall farm performances are characterised by modest and widely varying technical and allocative efficiencies, and (2) over time, average efficiencies rise.
Introduction
, through the International Rice Research Institute's Constraints Project, proved that farmers were not following uniformly the best practice techniques while adopting the new rice technology due to technical and/or socio-economic constraints. Thus, they concluded that there were efficiency differentials among farmers. The gap between the actual and the potential yields was attributed to three factors: profit-seeking behaviour, allocative efficiency and technical efficiency. About 67% of the yield gap were attributed to technical inefficiency of not following the best practice techniques of the technology. A number of cross-sectional studies have demonstrated wide inter-firm variations in technical and allocative effi-ciencies many years after adoption (Huang and Bagi, 1984; Kalirajan, 1990; Squires and Tabor, 1991) . But, there has been no systematic study of how these efficiencies change over time. This is surprising in view of the widespread interest in the impact of disequilibria caused by the introduction of new technology and in farm reactions to disequilibrium (Schultz, 1975) . The literature indicates that the time dimension cannot be easily discarded with respect to farmers' adjustments required to reach the optimum combination of the various components of the new technology after adoption, as Barker et al. (1985) argued with regard to optimum fertiliser use. The interesting question in this context is: what time-path does the adjustment to the best practice techniques of the technology follow?
Theories of diffusion provide useful models of firm behaviour to answer the above question (Stoneman, 1983; Silverberg, 1991) . Diffusion theories assume that a new technology has been already adopted, but those who have adopted, have not yet used the best practice techniques fully to achieve the full potential of the technology. These theories then rationalise using psychological or economic principles, the time-path taken by farmers to reach the full potential of the technology. Drawing heavily on the theories of technological diffusion, an attempt has been made in this paper to answer the above question of what time-path would farmers take to complete the adoption of the best practice techniques of the chosen technology.
It is important here to distinguish between the adoption of the constituent inputs in the new technology and the ways in which farmers perform in combining these inputs after adoption. This paper concerns the latter issue. While adoption has led to substantial productivity gains (impressive in the aggregate), adoption measures give no satisfactory indication of the level of, and variation in, benefits which are available if firms can realise their technical and allocative potential following the best practice techniques of the new technology. For this, an additional measure is required. Increasingly, the measure of farm-specific efficiency is being employed for such purposes, as in this paper. Thus, following the intra-firm theories of diffusion, the objective of this paper is to examine how do farm-specific efficiencies change over time.
Section 2 briefly reviews the theories of diffusion that are relevant to this paper. Section 3 discusses a conceptual model for this study based on the theories of intra-firm diffusion. Section 4 discusses data and methods of estimation. Section 5 presents results and Section 6 draws conclusions from the study.
Theories of diffusion: a brief review
In this paper, a main issue that is examined is what time-path will the farmers follow to reach the potential of the technology. Theories of diffusion offer several economic models to answer the above question whether the technology studied concerns product or processes. In the latter case of the technology, which is the subject matter of this study, the decision-makers are farmers. Theories of diffusion of new processes assume that farmers have already started using the new technology, but have not yet used the best practice techniques fully to achieve the full potential of the technology. These theories then rationalise, using psychological or economic principles, the time-path taken by farmers to reach the full potential of the technology. Following Stoneman (1983) , these theories can be classified into the following three categories based on their unit of analysis: intra-firm diffusion, inter-firm diffusion, and economy-wide diffusion. To put it in simple terms, the theories of intra-firm diffusion can be explained as follows: with the assumption that a farmer has adopted the new technology, he produces output Y it with a particular mix of techniques of the technology in time t. But, if the farmer uses all the best practice techniques of the technology, then he should be producing the full potential of the technology achieving output Y * i which is greater than Y i . The intra-firm theory of diffusion discusses why then the farmer is not using the best practice techniques of the technology in the first place and what time-path he takes to obtain Y * i . Thus, theories of intra-firm diffusion provides a suitable modelling framework to examine the main question of this study.
Theories of intra-firm diffusion can be classified into two groups: the psychological approach of Mansfield model (1968) and the Bayesian approach of learning model (Lindner et al., 1979; Stoneman, 1981) . Both these models explain how a firm that has already used a new technology, proceeds in a particular time-path until the diffusion of following the best practice techniques of the technology is achieved. Both these models argue that information and uncertainty are the two major factors explaining why it is rational for farmers not immediately to follow the best practice techniques of the new technology. The Mansfield model in our case can be written using our notation as follows: 
where π i is the expected profitability of a change towards achieving the best practice techniques of the technology, r it the risk involved in making such a change, s i refers to farm-specific characteristics such as size of the farm which are assumed to be constant over time. Mansfield justified including these variables as determinant of u it by arguing that "there would exist an important economic analogue to the classic psychological laws relating reaction time to the intensity of stimulus" (Mansfield, 1968, p. 190) . Then the prediction of the model is as follows (Stoneman, 1983 ):
1. The diffusion curve will be sigmoid which will be the logistic curve in shape. 2. The level of use of the best practice technique of the technology in time t by the ith farmer will be positively influenced by π i and farm-specific characteristics. 3. The speed of diffusion is a linear function of π i and farm-specific characteristics and will vary across farms.
What is appealing in Mansfield's model is the technique choice aspects of his model that are more relevant to the analysis in this paper. The decision on choice of technique depends on risk and profitability. However, risk is more concerned with the uncertainty attached to the profitability of following all the best practice techniques of the technology. The contradiction in this model is that with the reduction in uncertainty (u it ) over time, the expected profitability (π i ) does not change over time. As the farmer learns more about the best practice techniques of the technology, he would reduce his perception of risk, which in turn should influence him to revise his expected profitability. Bayesian approach, which overcomes this limitation, provides an alternative to Mansfield model. Bayesian models of particular relevance to this study are models by Lindner et al. (1979) and Stoneman (1981) .
Both these research works discuss a model of diffusion in which farmers learn in a Bayesian way from their experiences. The basic principles of the models can be explained as follows: at any particular point in time, a farmer has an anticipation of what profits and risks are involved in adopting all the best practice techniques of the technology. Mostly being risk-averse, the farmer chooses a particular mix of techniques of the technology which will maximise his profits (π i ). This profit (π i ), though maximum at this particular point in time, will not be the optimum (π*) that the farmer will receive when all the best practice techniques are adopted. While using this particular mix of techniques, the farmer learns through experience, which will influence his perception of expected profits, and risks involved in the adoption of all the best practice techniques of the technology. In other words, he will revise his mean expected profits upwardly and risks involved downwardly. This in turn will lead to a change in the mix of techniques moving closer to the best practice techniques of the technology. The time taken to gain experience and to change the mix of techniques depends on farmer-specific characteristics such as education. As time proceeds, the farmer will understand the profits and risks of achieving the full potential of the technology and will then establish his post-diffusion use of the techniques, which will be the best practice techniques of the technology. Thus, the Bayesian model of learning, unlike the Mansfield model, is based on rational maximising behaviour. Though there are some similarities between the Mansfield model and the Bayesian model, particularly about the assumption that the choice of the mix of techniques is determined endogenously, the latter model is based on economic theory such as choice theory rather than relying on psychological laws.
Following the Lindner et al. (1979) and Stoneman (1981) models, the choice of a mix of techniques of the technology and its convergence to the best practice techniques over time can be represented empirically by the ratio of actually realised output (Y it ) at a particular point in time to the maximum possible output (Y * i ) that is feasible with the best practice techniques of the technology. The ratio of actual to maximum possible output is called technical efficiency in the literature (Aigner et al., 1977; Meeusen and van den Broeck, 1977) . At the convergence, the ratio will be equal to 1 and this will indicate the post-diffusion level and use of the technology. By observing the farmers' production behaviour and calculating the measures of technical and allocative efficiencies over time, this paper attempts to empirically trace the time-path followed by farmers to reach the full potential of the technology.
Conceptual model
There are three possible directions, which technical and allocative efficiencies might take over time. First, they may both increase. This might logically be expected with the introduction of a new technology that raises physical productivity as farms adopt it. Second, technical efficiency could decline over time, again influencing allocative in the same direction. The third possibility is that the two efficiencies could fluctuate over time without discernible trend. This could occur in situations in which technology is static or stagnant, where input/output relations are not stable over time and firms have to make educated guesses as to the best set of technical practices to apply and the most appropriate decisions as to input levels. This may happen in agriculture where climatic variation is pronounced and risk parameters cannot be calculated, e.g. under marginal rainfed conditions.
Following the intra-firm theories of diffusion, it is rational to argue that as farms become more familiar with the technology over time, they are progressively able to improve their decision-making efficiency, and should also be capable of making increasingly accurate allocative decisions, as both production and market risks are reduced. Therefore, our first hypothesis is that mean levels of both technical and allocative efficiencies increase over time, though they may be at lower levels in the beginning of the time period. This raises the important question of the time pattern of increases in the two efficiencies, which is central to this study. As the Mansfield's model, Stoneman's model and the Lindner, Fischer and Pardy's model emphasise on the influence of risk on decision making, our second hypothesis is that technical and allocative, and thus, economic efficiencies will vary inversely with the degree of risk that farmers face. In this paper, two different production environments are considered. Random samples of farmers were chosen from irrigated and non-irrigated conditions, respectively, to represent different degrees of risk.
These issues can be visualised with the help of Fig. 1 . If our hypotheses hold, there are two possible time patterns for increases in efficiencies. First, technical efficiency could increase faster than allocative efficiency. This would mean that a farm's risk-free economic efficiency would approach E from A 1 along an arc convex to the origin (time path (i) in Fig. 1 ). This could occur, as discussed by Allen (1983) and Silverberg (1991) , for example, if research and extension agencies undertook active programmes at the field level, in conjunction with farmers, to identify best technical practices under specific environmental conditions. Second, allocative efficiency could increase more rapidly than technical efficiency, which would mean a farm's increasing economic efficiency would follow an arc concave to the origin from A 1 to E (time path (ii) in Fig. 1 ). This could occur in the absence of active and effective research and extension programmes to identify best technical practices, when, as discussed in the Bayesian learning models, farmers are left to discover these in a learning-by-doing process and/or through interaction between farmers in this process. In practice, this latter situation has been the norm in agriculture, and for this study, it has led to our third hypothesis which is that the time path will be the second one, i.e. (ii) in Fig. 1 .
As discussed by Silverberg (1991) , technologies develop considerably during the diffusion process. Following Atkinson and Stiglitz (1969) , it may be argued that a major component of the technological change emanates from learning on existing technologies. One obvious reason is learning by doing and learning by using, on the part of researchers and farmers, respectively (Rosenberg, 1982) . Thus, in the present study, the possibility of technological change occurring over the time period in which technical efficiency is being measured cannot be ruled out. In such a case, technical efficiency is being measured against a moving technical frontier (see Fig. 2 ). Over time a farmer may shift from points A 1 on A 1 A 1 to A 20 A 20 , while his true frontier may also be shifting from F 1 F 1 to F 20 F 20 , and with it, the optimum point of economic efficiency from E 1 to E 20 . Such situations would require different interpretations of efficiency improvement, and require decomposition of the changes due to the shifts in the farm's efficiency and those due to technological change.
Data and estimation
The data are drawn from a cost of cultivation project conducted by the Tamil Nadu Agricultural University. For empirical analysis, data from irrigated and non-irrigated paddy farms from North Arcot district, India, were used. Within the region, farms with reasonably homogeneous land and equipment were sampled. The data covers the 10-year period from 1973 to 1982, and each year has two seasons of similar crops which give a total number of twenty periods. 1 Sample farmers were following the high yielding seed technology which is otherwise called the 'Green Revolution' technology. They were cultivating the high yielding variety of paddy, IR20, since 1970. In each crop period, longitudinal data from 25 irrigated and 25 non-irrigated farmers were selected for the survey.
The following farm-specific stochastic CobbDouglas production frontier was separately estimated for each crop season: 2
where y is the observed paddy output in kg, x 1 the pre-harvest labour in man-days, x 2 the fertiliser in kg, x 3 animal power pair-days, x 4 the area operated in acres, multiplied by a soil fertility index. This is considered here as a fixed input, e u the firm-specific technical efficiency defined above, u the non-positive random variable representing the combined effects of farm-specific characteristics that influence technical efficiency and ν is a statistical random variable. It is assumed that u follows a truncated normal distribution with mean µ and variance σ 2 u and ν follows a normal distribution N(0, σ 2 ν ). The maximum likelihood methods of estimation is used to obtain estimates of the parameters of the maximum possible 1 Published data on later years are at aggregated level and firm-level data on inputs and outputs are not available. Permission from the Ministry of Agriculture to obtain firm-level data from the Tamil Nadu Agricultural University could not be obtained.
2 Alternative functional forms such as translog and quadratic were tried, but because of highR 2 values and the number of significant variables, the Cobb-Douglas form was preferred for further analysis. In addition, in the translog form, all null hypotheses of linear and non-linear separabilities could not be rejected at the 5% level. Apparently, complete global separability could not be rejected. Thus, the Cobb-Douglas function can be considered as an appropriate model describing the technology for the given data set. (Kalirajan and Shand, 1994) . 3 The mean technical efficiency for each crop period is calculated as follows (Table 1) :
where λ = σ u /σ ν and is the standard normal distribution function evaluated at the point given in the brackets. Allocative efficiency for the output of each farmer for each crop season is derived first by simultaneously solving the firm-specific observed production function and the marginal productivity conditions yielding the optimum output and variable inputs, and second, by calculating the ratio of observed profit to the optimum maximum profit:
There are four equations in four unknowns x 1 , x 2 , x 3 and y; the production parameters α 0 , α 1 , α 2 , α 3 , u and β 1 are MLE estimates of Eq. (1). The calculated optimal output (y * * ), along with the concerned optimal inputs x * 1 , x * 2 , x * 3 , and their relevant prices are used to work out the maximum profit. The ratio of the observed to the above optimum profit for each observation is calculated for each crop season. A simple average of these ratios for each crop season is worked out which then serves as a measure of allocative efficiency for that particular crop season (Table 2) . Now, economic efficiency is calculated. First, the following equations representing the frontier production function and the marginal productivity conditions are simultaneously solved: 
These equations are similar to those in System (2). The only difference is that in the first equation in System (3), u=0, which implies that it represents the potential of the technology and not the actually realised production function as in Eq. (2). The solution to Eq. (3) gives the optimal output and inputs evaluated at the frontier using the price information. Then the optimal net returns or profit is calculated. Finally, the ratio of the realised profit to the above optimal profit evaluated at the frontier is calculated to provide a measure of economic efficiency (Table 3) .
Results
At the outset, the specification of Eq. (1) is tested for the inclusion of the technical efficiency related variable u by using a generalised likelihood ratio (Battese and Coelli, 1988) . If the random variable u is absent from the model, then the ordinary least squares estimates of the remaining parameters of Eq. (1) are maximum likelihood estimates. Therefore, the negative of twice the logarithm of the generalised likelihood ratio has approximately χ 2 distribution with parameter equal to 2. If the calculated ratio worked out to be greater than the tabulated value, then the null hypothesis is rejected. The calculated ratio worked out to be 12.76, which is significant at the 1% level. This implies that the model without the observation-specific technical efficiency related variable u cannot explain significantly the variations of outputs from the maximum possible levels.
Mean technical efficiencies shown in Table 1 indicate an increasing trend over time for the irrigated sample. From an initial sample average of around 68%, technical efficiency increased season by season with few fluctuations, but slowly over the whole 9-year period from 1973 to 1982 to around 75%, giving a 7% point rise over the period. In the non-irrigated sample, the increase over the 9 years was even slower, from 63 to 66%, or only 3% points for the period. The difference may well reflect the greater production risks in the absence of irrigation, and therefore, the greater difficulties for farmers in selecting optimum technical practices. However, the fact that both samples improved in technical efficiency, albeit at slow rates, is a significant finding and suggests that there was a learning process as predicted by theories of intra-firm diffusion.
Mean allocative efficiencies in both environments showed more impressive gains over the same period (Table 2) . Under irrigated conditions, sample farmers raised mean allocative efficiency from an initial 75 to 95%, an increase of 20% points over the 9 years from 1973. The performance under non-irrigated conditions was no less impressive. The initial mean, at 76%, matched that of the irrigated farmers and the gain of 19% points over the 9 years was also almost identical with the gain under irrigation. As with technical efficiencies, the increases were achieved as the production frontiers were shifting outward over time.
Mean economic efficiencies for both farm samples show the combined influence of the two component efficiencies (Table 3) . Both samples showed low initial accomplishments. The improvement was quite rapid for both. The difference of 8% points between the two samples in the final year of study reflected the margin between them in level of technical efficiency at the time, as it did throughout the period.
The above results offer a number of important insights into performance over time with the new technology. First, they provide support for the intra-firm diffusion theories that in the early years after adoption of the new technology, performance, measured in terms of technical and allocative efficiencies is not high. Interestingly, it was higher for allocative than for technical efficiency. This could indicate that all North Arcot farmers faced a low level of market risk that enabled them to judge their allocative decisions more accurately than their technical decisions at that time. Or it could mean that farmers have used the technology on their perceived production functions long enough to be able to judge allocative decisions relatively accurately. Second, the improvements in technical and allocative efficiencies over the period of our study support our second hypothesis and suggest that a Bayesian learning-by-doing process was at work. Third and again as hypothesised, efficiencies were initially, and remained at, higher levels for irrigated than for non-irrigated farmers. This is consistent with a priori expectation based on the intra-firm diffusion theories that decision-making is more difficult under non-irrigated conditions because of the latter's higher level of risk and uncertainty.
Fourth, the fact that allocative efficiency rose faster than technical efficiency over time suggests that, at least in this case study, the patterns of increasing economic efficiency follow the second time path discussed earlier, and therefore, support our fourth hypothesis. This is illustrated in Fig. 2 where the time path moves along the concave (ii) from A 1 through A 2 to A 20 but falls well short of E because mean technical efficiencies are still only 75 and 66%, respectively, of full technical efficiencies in the two samples in 1982 (Table 1 ). The relevant points showing maximum profit on each perceived production function are given on the curves C 1 to C 20 . Comparing the two curves A 1 to A 20 and C 1 to C 20 illustrates the rapid narrowing of the gap in allocative efficiency over time and the more substantial and persistent technical efficiency gap shown as the vertical distances from the points A 1 , A 2 ,. . . , A 20 to the true frontier. This finding strongly suggests that the task of achieving full technical efficiency is more difficult (slower) for farmers than that of achieving allocative efficiency on perceived production functions as they shift upwards over time with gradual improvements in technical efficiency. Notably, the time paths are similar for the irrigated and non-irrigated samples.
Conclusions
One conclusion is that the process of adjustment in performance over time is much more complex than is hypothesised by Ruttan (1977) . Our study provides empirical support to theories of intra-firm diffusion which rationalise the process of adjustment in performance over time. Our results show that, even with more than a decade of experience with the new technology, average farm performance measured in terms of technical and allocative efficiencies in 1982 was still not high. Quite clearly, performance does not depend simply upon the universality of adoption of technology as postulated by Ruttan (1977) . The assertion of Barker et al. (1985, p. 263 ) that "after fertiliser has been used for some time, and assuming enough is available to meet market demand, farmers arrive at their own economic equilibrium levels", may have some relevance to our findings that farmers' capacity to make allocative decisions improves over time, but it does not account for the continuing variations between farmers in technical efficiency.
This study suggests that, in the achievement of high levels of performance over time, the allocative efficiency component is not a long run constraint.
The principal difficulty appears to lie in raising technical efficiency to high levels. This had still not been achieved in our samples after some 15 years of experience with the new technology. This pattern is all the more unexpected in the irrigated area where at least broad recommendations as to best technical practices have been well researched and apparently firmly established for many years.
There are major drawbacks for farmers who are on time path (ii) like the sample farmers. The principal difficulty in the long run lies in the slow rate of increase in technical efficiency. Although some progress can be expected, as in this study, technical efficiency will be persistent, and thus, emerges as the most serious constraint on economic performances over time. It implies that, left to learn from their own experience, farmers will be slow to realise the full potential of a new technology. This is reinforced by the finding that, once high levels of allocative efficiency have been achieved (as in this study), further improvements in economic efficiency depend almost exclusively on the achievement of higher technical efficiency. This indicates that there is a growing urgency for sustained improvements in performance which require a more active role for the public sector and international agencies in research and extension activities in collaboration with farmers to raise technical efficiency significantly over time.
The slow rate of increase in technical efficiency in the two samples over time suggests that the constraint on technical efficiency has been lack of information about the best practice techniques of the technology. In the absence of this information, the shift in farmers' perceived frontiers toward the true potential frontier is slow, consistent with a learning-by-doing process. In this situation, farmers can gain close to full knowledge of their perceived production functions and of market conditions, and so are able to achieve higher levels of allocative efficiency at a relatively rapid rate. But, in the long run, improvements in technical efficiency are needed to sustain improvements in economic performance.
A final conclusion is that the pattern of performance found in this study clearly demonstrates the extent to which private and social returns from new technology may be restricted over time by inefficient performance. This has important implication for projections of returns from projects, which include new technology.
